Mineral carbonation in basaltic rock provides a permanent storage solution for the mitigation of anthropogenic CO 2 emissions in the atmosphere. 3D X-ray micro-CT (XCT) image analysis is applied to a core sample from the main basaltic reservoir of the CarbFix site in Iceland, which obtained a connected porosity of 2.05-8.76%, a reactive surface area of 0.10-0.33 mm −1 and a larger vertical permeability (2.07 × 10 −10 m 2 ) compared to horizontal permeability (5.10 × 10 −11 m 2 ). The calculations suggest a CO 2 storage capacity of 0.33 Gigatonnes at the CarbFix pilot site. The XCT results were compared to those obtained from a hydromechanical test applied to the same sample, during which permeability, electrical resistivity and volumetric deformation were measured under realistic reservoir pressure conditions. It was found that permeability is highly stress sensitive, dropping by two orders of magnitude for a −0.02% volumetric deformation change, equivalent to a mean pore diameter reduction of 5 μm. This pore contraction was insufficient to explain such a permeability reduction according to the XCT analysis, unless combined with the effects of clay swelling and secondary mineral pore clogging. The findings provide important benchmark data for the future upscaling and optimisation of CO 2 storage in basalt formations.
Introduction
Mineralisation of CO 2 in basaltic rock formations may provide an effective method of CO 2 sequestration (CCS) (Oelkers et al., 2008; Gislason et al., 2010; Matter et al., 2016) , mitigating increased anthropogenic CO 2 emissions in the atmosphere. Basalt has enormous CO 2 storage potential, comprising ∼60% of the Earth's surface, and storage capactities of ∼13,800 to 127,800 Gt of CO 2 have been estimated in deep-sea basalt reservoirs (Gislason et al., 2010; Marieni et al., 2013) . CCS in basalt encourages mineral trapping, also referred to as in situ carbonation, providing a permanent storage solution (Sigfusson et al., 2015) . Compared to CCS in basalts, conventional CCS in sedimentary rock (e.g. sandstones) requires extensive monitoring and high cap rock integrity, which can degrade over time due to CO 2 -fluid-rock interactions (Gaus, 2010) .
The CarbFix project at the Hellisheidi geothermal power plant in Iceland is an onshore example of a pilot study in which the mineral carbonation of CO 2 potential of basaltic rocks is investigated (Fig. 1) . 40,000 t of CO 2 per year is currently produced by Hellisheidi geothermal power plant (Sigfusson et al., 2015) . In addition, Iceland is composed of ∼90% basaltic rocks, providing the ideal location for the pilot study (Hjartarson and Saemundsson, 2014; Snaebjörnsdóttir et al., 2014) . The target formation is composed of basalt lavas with an olivine tholeiite composition, ranging in age from 500,000 to 125,000 years before present, with a low degree of secondary alteration .
In January 2012, 230 t of CO 2 was coinjected with 7000 t of H 2 O into injection well HN-02 (Matter et al., 2016) . To allow distinction between native carbon in the basalt reservoir and injected CO 2 , Carbon-14 ( 14 C) in the form NaH 14 CO − 3 , in addition to non-reactive SF6 and SF5CF3 tracers, were coinjected with the injected CO 2 (Matter et al., 2013) . Proximal to the injection site, the injected CO 2 and H 2 O react to form carbonic acid. The dissolution of secondary mineral phases, primary host rock minerals and basaltic glass occurs due to the flow of low pH injection waters. Secondary carbonates are expected to precipitate further from the injection site as reactions ( (1) and (2)) proceed to the right : injection, 150 m of core KB-01 have been drilled between injection well HN-02 and monitoring well . From geochemical studies using the tracers, > 95% of the injected CO 2 is believed to have mineralised between wells HN-02 and HN-04, within a couple of months of the initial CO 2 injection (Matter et al., 2016) . Up to now there has been a lack of research undertaken to characterise the reservoir properties of basalt. In previous reservoir scale studies by Khalilabad et al. (2008) using a Na-Fluorescein tracer it was found that only 3% of the injected tracer was channelled by a discrete fracture system between HN-02 and HN-04. The remaining injected tracer was interpreted to have flowed through the vesicles (matrix flow), highlighting the importance of understanding matrix flow in the basalt reservoir (Gislason et al., 2010) . In this study we characterise the reservoir properties of the target basalt formation at Hellisheidi through the analysis of porosity, reactive surface area, pore network modelling and the permeability of KB-01 core samples using X-Ray micro-CT (computer tomography) and hydromechanic flow-through tests on a laboratory scale. The ultimate aim is to provide a reliable and robust quantification of the CO 2 sequestration potential of the basalt rock reservoir. This is the first ever study to combine analysis of a vesicular pore network of basalt rock using 3D X-ray micro-computed tomography, connected (effective) porosity determinations and reactive surface area values for calculations of CO 2 mineral carbonation. The ultimate aim of this work is to provide a reliable and robust quantification of the CO 2 sequestration potential of basalt rock reservoirs. The study also highlights a number of important issues regarding the potential effect of secondary mineral pore clogging in the presence of high salinity fluids, of great importance since the most suitable basaltic CO 2 storage sites are found offshore (Goldberg and Slagle, 2009 ).
Materials and methods
2.1. X-ray micro-CT analysis 2.1.1. Image acquisition 3D X-ray micro-CT (XCT) scans were conducted using a micro-focus Custom Nikon HMX ST Scanner at the μ-VIS X-Ray Imaging Centre, University of Southampton. The scanner has a 225 kV X-ray source and a 2000 × 2000 pixel flat panel dector (Fig. 2) .
Data was acquired using an electron accelerating potential of 200 kV and a tube current of 128 μA. The X-ray beam was filtered using 0.250 mm of tin. 3143 equiangular projections were acquired through 360°with 8 frames per projection taken to reduce noise. 3D reconstruction of the projections was performed using a proprietary filtered back-projection algorithm implemented in CTPro 3D (Nikon Metrology, Tring, UK). The reconstructed 3D data had an isometric voxel size of 0.026 mm.
The study was performed using the 436.1-436.4 m depth section of cylindrical basalt core KB-01, measuring 44 mm diameter × 106 mm length (Fig. 3A) .
However, the maximum field of view at the chosen resolution The drill core is located between injection well HN-02 and monitoring well HN-04, which are 10 m apart at the surface. The figure is modified from Alfredsson et al. (2013) . (B) The location of Hellisheidi injection site is shown on a map of Iceland. The area in red highlights basaltic rock formations < 0.8 Myr within the active rift zone. These basalt rock formations are expected to have the greatest reservoir potential due to a low degree of secondary mineralisation and compaction. The figure is modified from Snaebjörnsdóttir et al. (2014) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Fig. 2 . Diagram of the micro-computer tomography (micro-CT) imaging of the core samples. X-rays propagate through the sample with a fan geometry from the X-ray source and are detected by a 2 × 2000 pixel detector. 2D image slices are reconstructed from projections made at 0.1146°increments, to produce a 3D. During the 3D X-ray micro-CT (XCT) scan the sample was held vertically in place within a plastic container, suspended with polystyrene. (B) For the hydromechanic experiment a 2.63 cm length, 4.45 cm diameter sub-sample was used, most representative of sub-region 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (0.026 mm) is 52 mm. Consequently, three overlapping sub-regions were scanned, reconstructed and concatenated to form the full core.
Volume determination
The sample volume is analysed using Avizo 9.2.0 (FEI, Oregon, USA). A region of interest (ROI) was extracted from each of the three sub-regions in order to remove edge streak noise artefacts from the data. The ROI volumes (sub-volumes) for each basalt core sub-region are shown in Table 1 . Error from choosing one sub-volume ROI over another from individual core samples is negated by the fact that voids in basalt occur randomly.
The basalt core sample consists of two main phases: basaltic rock (mineral frame) and voids (pore space). Image processing is conducted to isolate and characterise the pore space.
The clear distinction between voids and rock (mineral frame) within the basalt sample allows a simple segmentation method to be employed. A median filter is applied to the ROI sub-volumes. The median grey level intensity value in the neighbourhood of each voxel is calculated from the results of filtering and this intensity value assigned to the output voxel (Avizo, 2016) . This technique ensures the removal of white noise (scatter), a common noise artefact generated by Compton scattering, while preserving boundary edges (Ketcham and Carlson, 2001) .
Binarisation is carried out, identifying the main grey-level intensity threshold of each phase, 0-15 for void space and 55-135 for rock. The grey-level intensity range separating the two phases (16-54) is assigned to one of the phases using a marker based watershed algorithm, which identifies minimum and maximum greyscale intensity variations within a region, forming the boundary between phases at maximum regional intensity variations (Fig. 4) (Avizo, 2016) . The method outlined ensures the removal of any partial volume effects, where boundaries between the phases in an image are blurred to an amount directly dependent on resolution size.
Following image processing, the void space diameter was validated by comparing values derived from image analysis with measurements using electronic callipers.
Pore network model
Image processing allowed quantitative analysis of the pore space, including calculations of porosity (Eq. (3)) and the total specific surface area, calculated from the surface area at the interface between the pore (void) space and the rock per unit pore volume.
where ϕτ is the total porosity, V void is the total void space volume and V ROI is the total region of interest (ROI) volume. The connected (effective) porosity of the basalt sub-volumes was also calculated, defined as voxels assigned to the void space phase which are connected by a common face. From the connected porosity data, a pore network model was generated using a skeletonization algorithm for the pore separation process which comprises two main steps: Firstly, the algorithm uses a technique known as distance ordered homotopic thinning, which produces a one voxel thick, centred, homotopic skeleton (Youssef et al., 2007) . Secondly, the pore network is partitioned into individual pore segments through analysis of the skeleton generated in the first step. The algorithm identifies maximum radii between the centred, homotopic skeleton and the contact between void space and rock in order to identify individual pore segments and throats (Youssef et al., 2007) . Throats are connections between pores. A marker extent is implemented based on a qualitative assessment of the degree of segmentation to reduce the number of maximum radii and hence reduce the number of individual pore segments (Avizo, 2016) . The output of the skeletonization algorithm generated a pore network, separated into 638 pores and 1144 throats.
Absolute permeability simulation
The vertical and horizontal absolute permeability of the connected pore network of the basalt core sub-volume geometry has been simulated using Avizo 9.2.0 software. The basis for the permeability simulation algorithm was developed by Bernard et al. (2005) . The simulation solves the Navier-Stokes equation in order to determine the velocity of simulated fluid flow through the sample (Eq. (4)):
where ∇ → . is the divergence operator, ∇ → is the gradient operator, → V is the velocity of the fluid simulated to flow through the porous material, μ is the dynamic viscosity of the flowing fluid, ∇ 2 is the Laplacian operator and P is the pressure of the fluid simulated to flow through the porous material. Information on the parameters of the Navier-Stokes equation is sourced from Avizo (2016) .
Once the Navier-Stokes equation system is solved, providing a calculation of global flow rate through the porous material, the Darcy's law equation can be applied to solve for absolute permeability (k):
where k is permeability, Q the volumetric flow rate through the porous material, ΔP the pressure difference applied across the sample, A the cross sectional area, L the sample length in the flow direction and μ the dynamic viscosity of the fluid. The permeating fluid is assumed to be a single phase, incompressible and Newtonian fluid with steady-state, laminar flow conditions. To define boundary conditions, an artificial one-voxel width solid face is added to the edge of the sample face perpendicular to the main simulated flow direction. The contact between rock and void space is defined as a no-slip surface. Finally, stabilisation zones are introduced perpendicular to the main simulated flow direction to ensure that the entry and exit faces have a quasi-static pressure state.
The Kozeny-Carman equation provides an estimate of permeability from porosity and pore diameters; where pore space is defined as a random packing of spheres.
where k KC is absolute permeability, ε is the porosity of the connected void space and d is the average diameter of the spheres. The equation will be used to validate results obtained from the simulation, in addition to those from the hydromechanical experiments.
Hydromechanical test 2.2.1. Sample preparation
The hydromechanical test was performed on a 26.3 mm long, 44.5 mm diameter sample extracted from sample KB-01, 12-1, 52-81, sub-region 2 (Fig. 3B ). The sample was cut and ground in parallel within ± 0.01 mm from the original specimen. The sample has a dry density of 2412 kg m −3 .
The sample was equipped with a 90°bi-axial set of 350 Ω electrical strain gauges, epoxy-glued on the lateral side of the sample, to record axial and radial strains related to stress variations during the tests. The sample was saturated in a degassed 35 g L −1 NaCl (synthetic) brine via water imbibition in a vacuum vessel prior to the experiments (Amalokwu et al., 2014) . The porosity (ϕ) was estimated as 26.2%, determined by dry to brine-saturated weight difference.
Experimental setup
The test was performed using a modified experimental setup of that presented in Falcon-Suarez et al. (2016) , shown in Fig. 5 .
The sample is housed in a triaxial cell core holder that allows pressurising rock samples up to 65 MPa of confining (axial, σ 1 , and radial, σ 2 = σ 3 , independently) and pore pressure. The confining fluid (mineral oil) is delivered from a dual pumping controller (Teledyne ISCO model EX100D), configured in a hydrostatic mode (i.e., confining pressure P c = σ 1 = σ 2 = σ 3 ) for the experiment. Inside the vessel, the rubber sleeve that isolates the core plug from the confining fluid is equipped with 16 stainless steel electrodes which, once in contact with the sample, provide electrical resistivity tomography measurements (North et al., 2013) . Under typical operating conditions the resistivity measurement error is ∼5% for samples in the electrical resistivity range 1-100 Ω m.
The two platens that apply axial stress to the sample have inlet and outlet ports to conduct the pore fluid through the sample. The platens are configured to bypass the leads from strain gauges added on the sidewall of the rock sample. The leads are connected to a four channel strains data acquisition system (Vishay-Model D4). The pore pressure is also servo-controlled by two delivery and one receiver high pressure, high accuracy, pumping controllers. To further control the pore pressure, two piezo-resistive pressure transmitters (Keller model PA-33X) are located in the pipeline, up-and downstream of the sample, to accurately measure pressure drops and temperature changes during the test. The pore fluids are supplied indirectly via fluid transfer vessels (FTVs) with the aim of preventing potential damage to the controllers 
Test methodology
Fluid distribution in reservoirs is ultimately controlled by permeability, which is a pressure dependent parameter (Fisher, 1998) . To investigate the dependency of the permeability of the basalt sample to confining (P c ) and pore pressures (P p ), a loading/unloading differential stress path was configured to simulate variable shallow conditions (∼400 m depth under oceanic crust), between 1-7 MPa of differential pressure (P diff = P c − P p ). Two tests were subsequently conducted under the defined differential stress conditions to investigate (i) variations of transport properties through the monitoring of permeability and electrical resistivity, representative of the pore connectivity (Berryman, 1992) , and (ii) to determine the resultant volumetric deformation of the rock sample.
The stress-strain test was conducted under drained hydrostatic conditions and repeated twice, varying slightly the loading rate (from 0.02 to 0.05 MPa s −1 ) to investigate hysteresis effects in the volumetric strain recovery. From the axial and radial strains (ε a and ε r , respectively), volumetric strain (ε v ) was calculated as ε v = ε a + 2ε r , which reflects porosity variations (Δϕ) in the sample. Permeability of brine was determined using the steady state flow method, applying Darcy's law. The test was performed by setting constant the pressure upstream of the sample while monitoring the pressure gradient and the flow rate up and downstream, until steady state was achieved for each P diff stage. Permeability and electrical resistivity were measured three times per P diff along the stress path.
Results

X-ray micro-CT results
Porosity workflow
The results of quantitative analysis of the pore space performed on the filtered and segmented basalt sample sub-volume (Fig. 6A ) are summarised in Table 2. Connected porosity is a more significant parameter to the study than total porosity because isolated pores would not allow permeation of CO 2 injection fluid (Fig. 6C ). Thus isolated pores should be omitted from calculations of total CO 2 reservoir storage capacity. The connected porosity ranges from 2.05-8.76%. The sub-volumes display a large range of connected porosity as a percentage of total porosity, ranging from 18.7-57.5%. It appears that a higher total porosity does not correlate directly with a larger connected porosity. Table 2 Results for the total and connected porosity, specific surface area and connected porosity as a percentage of total porosity for the three sub-region sub-volumes outlined in Table 1 ϕτ and ϕχ are total and connected porosity respectively, Ss is specific surface area; subindices τ and χ are for total and connected pores respectively.
Connected pore network model statistics
This section focuses on the connected pore statistics of basalt core sub-volume 2, however the same distributions of each statistical parameter were observed in sub-volumes 1 and 3. Fig. 7A shows a frequency distribution plot of pore surface area in contact with rock per unit pore volume, which provides a reactive surface for carbonate precipitation. The surface area ranges from 0.006 mm −1 up to 83 mm −1 . The graph shows an exponential decrease in frequency with increased surface area. Fig. 7B shows a frequency distribution plot of coordination number (CN), defined as the number of throats connecting each pore segment to adjacent pore segments. The CN ranges from 1 up to a maximum of 17. A CN of 2 defines a pore segment with only one entry point and one exit point for permeating fluid, while a CN of 1 indicates a termination pore. The plot has a log-normal frequency distribution, with a value of 2 being the most common coordination number. Fig. 7C shows a frequency distribution plot of pore radii and throat radii. Pore radius is defined as the radius of an equivalent spherical pore with the same volume. The values of pore radii and throat radii are very similar, both parameters have a log-normal frequency distribution. Pore radii and throat radii have a very similar size range, from 0.02-2 mm and 0.01-2 mm respectively, as well as the same modal value of ∼0.25 mm. The only subtle difference between the two parameters is that throat radii have a slightly more non-uniform distribution across the range, with a greater frequency distribution of throat radii < 0.65 mm.
Absolute permeability simulation
The input parameters of the vertical and horizontal absolute permeability simulations of basalt sub-volume 2 are described in Table 3 . In addition, the results of the vertical and horizontal absolute permeability simulation of basalt sub-volume 2 are described in Table 4 .
From the simulation a vertical absolute permeability of 2.07 × 10 −10 m 2 and a horizontal absolute permeability of 5.10 × 10 −11 m 2 are obtained (Fig. 8) . The horizontal permeability (5.10 × 10 −11 m 2 ) is simulated as one order of magnitude less than the vertical absolute permeability (2.07 × 10 −10 m 2 ).
Permeability validation using the Kozeny-Carman equation
Permeability calculated using Eq. (6) is summarised in Table 5 . The mean value obtained (7.7 × 10 −12 m 2 ) is one order of magnitude less than the simulated horizontal permeability, whilst the maximum value (7.4 × 10 −11 m 2 ) is synonymous with the horizontal permeability. Thus it may be reasonable to use the Kozeny-Carman equation to validate the absolute permeability values obtained from the simulation. To further validate the absolute permeability values, the results of rock mechanics experiments are shown in the next section.
Hydromechanical test results
The variation of strain, porosity, electrical resistivity and permeability with applied differential stress during the hydromechanical test, conducted on the basalt sample is shown in Fig. 9 . Stress loading leads Table 3 The input parameters of the simulation used to calculate the vertical (Z-axis) and horizontal (X-axis) absolute permeability (k) of basalt sub-volume 2. A is cross sectional area, μ the dynamic viscosity of the fluid, P in the input pressure, P out the output pressure, ΔP the pressure difference applied across the sample, L the sample length in the flow direction and Iter. the number of iterations the simulation was run. 0.00241 4.75 days K is absolute permeability and Q is the average flow rate of the simulated fluid.
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to porosity decrease, which directly affects permeability and inversely affects the electrical resistivity as pore volume decreases. As a preliminary step, permeability was calculated under atmospheric (unconfined) conditions, resulting in ∼1.56 Darcy (D) (∼10 −12 m 2 ). This value decreases by one order of magnitude (∼10 −13 m 2 ) with initial loading (P diff = 1 MPa), but up to three orders of magnitude (∼10 −15 m 2 ) at maximum differential stress (P diff = 7 MPa). Confining pressure principally affects the value of permeability. At constant differential stress (P diff = 4 MPa), a lower permeability is observed at a higher confining pressure (9 MPa compared to 6 MPa) (Fig. 9) .
At a maximum sample compression of 7 MPa, a volumetric deformation (ε v ) of ∼0.025% is observed. At 4 MPa, most equivalent to the original reservoir conditions of the basalt sample at ∼400 m depth, a volumetric deformation of ∼0.0125% is observed.
Discussion
Pore network model of basalt
Initial (total) porosity of basalt lava flows ranges between 5 and 40% (Franzson et al., 2008) . Geochemical alteration of basalts, causing secondary mineralisation in pore space, reduces porosity to ∼1-10% (Sigurdsson and Stefánsson, 1994) . At the CarbFix site, the connected porosity of the basalt estimated from hydrological models, pump tests and tracer tests is ∼8.5% (Aradóttir et al., 2012) . Total porosities determined from XCT image analysis of basalt of 11.0-17.1% and connected porosities of 2.05-8.76% are in strong agreement with the results of field scale testing. The connected porosity as a percentage of total porosity varied from 18.7% up to 57.5% of total porosity, reflective of basalt heterogeneity.
The porosity value determined from a dry-wet weight difference of 26.2% was 9.1% greater than the maximum value obtained by the XCT image analysis. This may lead to the interpretation that there is an intergranular micropore network and/or microcracks that have not been characterised in this particular study, as they would occur at subvoxel (< 26 μm) resolution (Leu et al., 2014) . The increased experimentally-derived porosity may also be due to stress-release induced microcracking focused at the sample margins, created during the initial coring and extraction of the sample at the CarbFix site. The central parts of the sample, where the image analysis was focused, are less likely to incur damage than the external parts of the plug, which would have been more exposed to the action of the mechanical tools for coring and sample preparation. In this line, the results of the stress-strain test indicate that the sample behaves (quasi) elastically for the differential stress path adopted in the experiment. However, minor hysteresis of the permeability, resistivity and strains recovery was observed from the first to the second loading cycle, likely related to the presence of microcracks that close during initial loading stages. The interpretation of micropores (intergranular porosity) and microcracks has been omitted from CO 2 sequestration potential calculations, as the permeability and reactive surface area may not be deemed high enough for carbonate precipitation.
X-Ray micro-CT revised results following the hydromechanical test
During the hydromechanical test, permeabiltiy decreased by three orders of magnitude (10 −14 m 2 ) from atmospheric (unconfined) to reservoir conditions (P diff = 4 MPa at ∼400 m depth). The magnitude of Fig. 9 . Strains (ε a , ε r and ε v ), porosity (ϕ), electrical resistivity and permeability (k) for each state of stress (P diff ). ε a , ε r and ε v are axial, radial and volumetric deformations, respectively. P c , P p and P diff are confining, pore and differential pressures respectively. (1) and (2). volume. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 5 The absolute permeability (k) is calculated using the Kozeny-Carman equation (Eq. (6) D pore is pore (sphere) diameters obtained from twice the value of pore radii, obtained from pore statistics of 638 defined pore segments for basalt sub-volume 2.
the volumetric deformation (strain) ranged from 0.01 to 0.02%, which is equivalent to 2.5-5 μm pore diameter reduction, assuming isotropic stress-strain conditions (Eq. (7)):
where Δε is the strain, D X and D R are the sample diameters before and after applying the strain respectively. To further analyse whether the pore diameter reduction is the primary cause of the observed permeability decrease in the hydromechanical experiments, the pore geometry aquired using XCT was modified to reduce the originally calculated pore diameters in further XCT image-based simulations (Fig. 10) . The procedure consisted of applying the erosion tool incorporated in Avizo to the binarised image of rock and void space. The tool reduces the void space of the connected pore network channel by one voxel width (equivalent to 52.4 μm), which artificially simulates the effect of pore diameter reduction under confining pressure. A 52.4 μm reduction of pore diameter is equivalent to > 10 times the deformation observed from the hydromechanical strain analysis (2.5-5 μm). However, artificially reducing the pore diameter by 52.4 μm using the XCT image-based simulation will account for volumetric deformation that may have been undetected by the strain gauges, which were epoxy-glued on the lateral side of the sample, if deformation took place under non-isotropic stress-strain conditions. A complete pore flow pathway closure of ≥66 μm is unlikely to be representative of true stress-strain conditions, so has not been addressed in this study.
As shown in Table 6 , absolute vertical permeability (k v ) decreases by less than one order of magnitude (1.89 × 10 −10 m 2 ) when a 52.4 μm reduction in pore diameter is applied to an image-based simulation. This is in stark contrast with the three orders of magnitude (10 −14 m 2 )
decrease seen in the hydromechanical experiments. This anomaly suggests that additional mechanisms, besides from pore diameter . The clogging of one pore segment with a coordination number (pore connectivity) of 2 would cause a blockage in the pore network, potentially isolating void space formerly connected to the network. Clogging in scenarios (A) and (B) would have an incrementally greater effect on the basalt reservoir connected pore volume and hence a reduction in CO 2 sequestration potential of the reservoir. In (A) the white dashed line represents schematically the size of the pore diameter prior to the addition of confining pressure, represented artificially by the erosion tool in further X-Ray micro-CT simulations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 6 The effect on the pore reservoir properties of basalt sub-volume 2, following a reduction in pore diameter by 52.4 μm in an image-based simulation. ϕχ is connected porosity, Ssχ is specific surface area of connected pores, k v is absolute vertical permeability, Min. and Max. D throat are the minimum and maximum pore throat diameters respectively. International Journal of Greenhouse Gas Control 70 (2018) 146-156 reduction, are causing the significant permeability decrease in the hydromechanical tests (refer to Chapter 4.5 of Discussion).
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Absolute permeability of basalt
Saar and Manga (1999) reported absolute permeability (k) values in the range 10 −9 -10 −14 m 2 for vesicular basalts, in agreement with bulk permeability estimates of young oceanic crust in a shallow basement proposed by Fisher (1998) in the range of 10 −9
-10 −13 m 2 , increasing with depth.
Two and three dimensional field scale basalt reservoir models of the CarbFix site have reported horizontal and vertical absolute permeabilities (k h and k v ) of 3.0 × 10 −13 m 2 and 1.7 × 10 −12 m 2 respectively (Aradóttir et al., 2012) . Absolute permeability simulations, performed on geometry acquired using XCT, resulted in horizontal and vertical absolute permeabilities (k h and k v ) of 5.10 × 10 −11 m 2 and 2.07 × 10 −10 m 2 respectively, which lie within the expected range for basalt. The vertical absolute permeability was one order of magnitude greater than the simulated horizontal permeability, which was expected from field scale models. Aradóttir et al. (2012) suggested that the increased vertical permeability is due to the presence of vertical basalt columns, surrounded by a sub-vertical fracture network. From evidence obtained from XCT image analysis, the increased vertical permeability may be interpreted to be due to the orientation of the sub-vertical branching pore network. Joints may form in basalt flows due to tensional stress produced by differential cooling rates of a single lava flow (McGrail et al., 2006) . One hypothesis is that the differential cooling rate responsible for the formation of joints may also be responsible for the formation of the vertical branching network of coalesced vesicles. A differential cooling rate would be exacerbated in lava flows forming beneath a glacier, expected in this region (Schopka et al., 2006) .
The permeability values (k h and k v ) of the basalt reservoir field scale models outlined in the previous paragraph were up to two orders of magnitude less than values obtained using XCT image analysis. The spatial extent of the connectivity of the vertical branching network of coalesced vesicles on a kilometre reservoir scale may differ from that of a centimetre core scale, making the validity of the permeability values obtained from simulations using XCT image analysis questionable. The core scale studies may miss larger flow paths, for example at the top and bottom of lava flows. The 150 m of core extracted from the basalt storage reservoir represents < 1.6 × 10 −8 % of the total reservoir volume, supporting the idea that representative sampling is a limitation of the study. However, this limitation applies to any reservoir study on a laboratory scale.
CO 2 sequestration potential of basalt
From XCT image analysis of the basalt core sample, an estimated 0.33 Gt of CO 2 can be sequestered in the basalt storage formation at the CarbFix site (Table 7 ). The estimate of CO 2 in situ mineral carbonation potential is based upon calculations of connected porosity and reactive surface area from XCT analysis, combined with volume calculations of the basalt storage formation and calculations of mineral carbonation CO 2 fixation per unit surface area from Aradóttir et al. (2012) . The volume of the basalt storage reservoir formation was calculated from the average thickness of the formation (0.4 km), multiplied by an approximate length (2.5 km) and width (1.8 km) of the CarbFix site.
Theoretically, if CO 2 sequestration is applied along the entire length of the active rift zone in Iceland, an estimated 6100 Gt CO 2 could be sequestered (Table 8 , using mean values of connected porosity, reactive surface area and mineral carbonation CO 2 fixation per unit surface area from Table 7) , which is in agreement with upper estimates of 7000 Gt CO 2 by Snaebjörnsdóttir and Gislason (2016) . The estimate relies on the assumption that basalt formations along the area of the active rift zone in Iceland have similar porosities and reactive surface areas as the storage formation at the CarbFix site, based on their similar age of formation and hence similar degree of alteration.
For comparison, the total anthropogenic CO 2 release to the atmosphere from fossil fuels, cement production and land use change is estimated at 39.6 Gt CO 2 per year (Le Quéré et al., 2016) . The upper estimate of CO 2 sequestration potential along the active rift zone in Iceland of 33400 Gt CO 2 (Table 8) , using maximum calculated values of connected porosity, reactive surface area and mineral carbonation CO 2 fixation per unit surface area (Table 7) is greater than the total CO 2 emissions estimated from the burning of all fossil fuel on Earth, estimated at 18500 Gt CO 2 (Archer, 2005) .
Pore space clogging in basalt
Two main observations suggest that pore clogging could be a major concern for CO 2 storage in basalt. Firstly, a modal coordination number (pore connectivity) of 2 was found, implying predominantly one fluid flow entry point and exit pathway through pores. Secondly, an exponential decrease in pore surface area frequency distribution was observed. The frequency distribution implies that the majority of pore segments (> 40%) have a low surface area < 5 mm −1 . Pore segments < 5 mm −1 in surface area are likely to be highly prone to clogging ( Fig. 10) . If clogging takes place, the total connected reservoir volume would be reduced, and consequently the calculated CO 2 sequestration potential of the basalt reservoir may be overestimated. Differences of up to four orders of magnitude in permeability were found between the XCT simulations (∼10 −10 m 2 ) and the hydromechanical tests (∼10 −14 m 2 ) at realistic reservoir confining pressures.
Revised XCT permeability simulations with a reduced pore network diameter, to replicate the effect of compression under reservoir confining pressures, lead to a minor permeability decrease of ∼8.6% (1.89 × 10 −10 m 2 ). Therefore, pore volume reduction at higher confining pressures seems to be insufficient to explain the permeability reduction observed during the hydromechanical tests.
One hypothesis for such a significant permeability reduction is from clay swelling effects. Smectite is one of the most abundant types of swelling clays present in basaltic rocks (Schiffman and Fridleifsson, 1991) . From the work of Alfredsson et al. (2013) , smectite clays are expected to be present at the depth the core sample was extracted (∼436 m depth). Smectite, in addition to other clay minerals, were found to be supersaturated in HN-04 well water samples, supporting evidence for their abundance within the void space (Snaebjörnsdóttir et al., 2017) . Importantly, smectite can create an impermeable barrier to fluid flow when located in large pore space, represented by the coalesced vesicles (Aksu et al., 2015) . Secondary precipitation effects on the reduction of porosity/permeability in basalt has been further analysed by Franzson et al. (2008) , who proposed that the amount of clay precipitation infilling vesicles is inversely proportional to porosity/ permeability. The amount of clay precipitation is also found to increase Table 7 Calculation of the total CO 2 sequestration potential, in Gigatonnes of CO 2 , of the basalt storage formation at the CarbFix site. with the age of oceanic basalt, as alteration progresses (Fisher, 1998) . Furthermore, the clay swelling effect becomes exacerbated in high salinity fluids, such as those used in the hydromechanical tests (i.e. 35 g L −1 NaCl-brine). The changing ionic conditions caused by the seawater-like pore fluid, may have triggered the remobilisation of clay from the pore walls, creating pore blockage (Amorim et al., 2007; Mohan et al., 1993) . It has been strongly proposed that high salinity seawater may be used for future, cost-effective upscaling of CO 2 injection, for both onshore and offshore basaltic reservoirs (Goldberg and Slagle, 2009; Goldberg et al., 2010; Snaebjörnsdóttir and Gislason, 2016; Wolff-Boenisch et al., 2011) . Therefore, clay swelling and remobilisation are important mechanisms that require further investigation, to assess the effect this process has on the CO 2 sequestration potential of a basalt reservoir. Without further study into the effects of clay swelling, remobilisation and pore blockage, which becomes exacerbated in high salinity fluids, CO 2 storage in basalt may be restricted to sites with fresh water available for CO 2 injection and areas of fresh basalts with a low percentage of clay precipitated in the pore space.
Conclusions
3D X-Ray micro-CT (XCT) image analysis together with hydromechanical experiments at realistic reservoir conditions were combined to investigate transport properties and storage capacity of the basaltic reservoir formations at the CarbFix site in Iceland. This study provides important benchmark data for the future upscaling and optimisation of CO 2 storage in continental and ocean crust basalt formation.
The main findings of the study are:
• A larger absolute vertical permeability of basalt relative to horizontal permeability is observed, due to a sub-vertical branching vesicle network interpreted to have formed because of differential cooling rates of a basaltic lava flow.
• Estimates suggest a basalt reservoir CO 2 sequestration potential of 0.33 Gt CO 2 at the CarbFix site (Iceland), with an estimated CO 2 sequestration potential along the active rift zone in Iceland of 6100 Gt CO 2 .
• Processes of pore clogging created by carbonate mineral precipitation and clay swelling should be the focus of further studies to better constrain the CO 2 sequestration potential of basalt. The average thickness of the basalt sequence along the rift zone has been estimated to have the same thickness as the basalt storage formation at the CarbFix site (1 km). The dimensions of the active rift zone in Iceland are taken from Snaebjörnsdóttir et al. (2014) , outlined in red on a map of Iceland in Fig. 1B .
